Recent epidemiological studies show the association of carotenoids with the metabolic syndrome (MetS), but thorough longitudinal cohort studies regarding this association have not been well conducted. The objective of this study was to investigate longitudinally whether serum carotenoids are associated with the risk of developing the MetS and its components in Japanese subjects. We conducted a follow-up study on 1073 men and women aged 30-79 years at the baseline from the Mikkabi prospective cohort study. Those who participated in the baseline and completed follow-up surveys were examined longitudinally. Over the 10-year period, 910 subjects (295 men and 615 women) took part in the follow-up survey at least once. Over a mean follow-up period of 7·8 (SD 2·9) years, thirty-six men and thirty-one women developed new MetS. After adjustments for confounders, the hazard ratio (HR) for the MetS in the highest tertile of serum β-carotene against the lowest tertile was 0·47 (95 % CI 0·23, 0·95). On the other hand, significantly lower risks for dyslipidaemia were observed in the highest tertiles of serum α-and β-carotene and β-cryptoxanthin (HR 0·66; 95 % CI 0·46, 0·96; HR, 0·54; 95 % CI 0·37, 0·79; and HR 0·66; 95 % CI 0·44, 0·99, respectively). Other significant associations between the risks for obesity, high blood pressure and hyperglycaemia with serum carotenoids were not observed. Our results further support the hypothesis that eating a diet rich in carotenoids might help prevent the development of the MetS and its complications in Japanese subjects.
. The MetS increases the risk for diabetes and CVD, and this syndrome is emerging as one of the major medical and public health problems, not only in Japan but worldwide (3) . Given the impending worldwide epidemic of obesity, diabetes and CVD, strategies aimed at increasing our understanding of the pathology of the syndrome, as well as those aimed at preventing or treating people with the syndrome, are urgently required.
Numerous recent epidemiological studies have demonstrated that eating a diet rich in fruits and vegetables is inversely associated with the risk of the MetS (4) (5) (6) (7) (8) (9) (10) (11) . Antioxidant vitamins and carotenoids exist in abundance in fruit and vegetables, and they have been shown to assist the body's defence against oxidative stress induced by reactive oxygen species and free radicals (12, 13) . On the other hand, in some recent studies, it has been reported that oxidative stress, which is an imbalance between pro-oxidants and antioxidants, occurs more frequently in subjects with the MetS than in those without the MetS (14, 15) .
Therefore, antioxidant vitamins and carotenoids might be beneficial in preventing the MetS. Recently, seven cross-sectional studies have shown the association of serum antioxidant status with the MetS (16) (17) (18) (19) (20) (21) (22) . However, thorough longitudinal cohort studies regarding this association have not been well conducted. To our knowledge, only one prospective study has been reported (23) . Czernichow et al. (23) reported that antioxidant supplementation for 7·5 years did not affect the risk for developing the MetS, but in observational prospective examination baseline serum β-carotene was negatively associated with the risk for the MetS in the French randomised placebo-controlled SU.VI.MAX (Supplementation en VItamines et Mine´raux AntioXydants) trial. These results indicate that eating a diet rich in carotenoids, especially β-carotene, may have a protective effect against the development of the MetS. Previously, we found that serum carotenoids, especially β-carotene, were negatively associated with the risk for the MetS in middle-aged and older Japanese subjects (17) .
However, these data consisted of cross-sectional analyses. Therefore, only limited inferences can be made regarding temporality and causation. To determine whether carotenoids may help prevent the MetS in Japanese subjects, further cohort studies will be required. The objective of this study was to investigate longitudinally whether the risk of developing the MetS and its components is associated with serum carotenoid concentrations in middleaged and older Japanese subjects. The associations of six serum carotenoid concentrations, that is, lutein, lycopene, α-carotene, β-carotene, β-cryptoxanthin and zeaxanthin, with the MetS and its components were evaluated longitudinally.
Methods

Ethics statement
This study was carried out in accordance with the Declaration of Helsinki and approved by the ethics committee of the NARO Institute of Fruit Tree Science and the Hamamatsu University School of Medicine. We obtained written informed consent from all participants involved in our study.
Study population
This was a prospective survey involving participants in the Mikkabi cohort study conducted in the town of Mikkabi, Shizuoka Prefecture, Japan. The Mikkabi cohort study was conducted on two cohorts: one initiated in 2003 (cohort I) and the other in 2005 (cohort II). The study design has been described previously (17) . After a baseline survey (2003 and 2005) , subjects were invited to participate in a follow-up survey in 2005 (for cohort I), 2006, 2007, 2008, 2009 and 2013 . Subjects in cohort I were followed up from 2005, and subjects in cohort II were followed up from 2006, through September 2013. In this manner, 2-year follow-up data were obtained from forty participants. In the same way, 3-, 4-, 5-, 6-, 8-and 10-year follow-up data were obtained from forty-one, ninety-five, forty-seven, 161, ninety-four and 432 participants, respectively. In total, from the six follow-up surveys, 910 subjects (295 men and 615 women) took part in the follow-up survey at least one time. The follow-up rate was 84·9 %. The person-years of follow-up were calculated for each subject from the starting point to the date of diagnosis.
The concentrations of six serum carotenoids at the baseline survey, lutein, lycopene, α-carotene, β-carotene, β-cryptoxanthin and zeaxanthin, were analysed by reverse-phase HPLC using β-apo-8'-carotenal as an internal standard at the Laboratory of Public Health and Environmental Chemistry, Kyoto Biseibutsu Kenkyusho, as described previously (24) . All blood measurements, except for the serum carotenoid concentrations, were conducted at the laboratory of the Seirei Preventive Health Care Center. Subjects' heights and body weight were measured by trained public health nurses. The BMI was calculated as the body weight (kg) divided by the height squared (m 2 ). Blood pressure was measured using an automated sphygmomanometer, model BP-103iII (Nihon Colin Inc.).
A self-administered questionnaire was used to collect information about subjects' histories of chronic diseases, medication uses and lifestyles, as described previously (17) . The MetS was defined as obesity (BMI ≥25 kg/m 2 ) and as having two or more MetS components such as hypertension, hyperglycaemia and/or dyslipidaemia, as described previously (17) . Individuals who were currently using medications for diabetes, hypertension or dyslipidaemia were defined as exhibiting each of the MetS components. The occurrence of the MetS and its components was identified by the results from follow-up health examinations and self-administered questionnaires. In our study, the MetS was diagnosed according to Japanese criterion (25, 26) . However, we have no data concerning waist circumference in our survey. Therefore, we used BMI as a measure of obesity instead of waist circumference. A value ≥25 kg/m 2 of BMI was defined as the elevated BMI proposed by the Japan Society for the Study of Obesity (27) .
Statistical analysis
The serum carotenoid concentrations, fasting plasma glucose (FPG) and serum TAG were skewed towards higher concentrations. These values were log e (natural)-transformed to improve the normality of their distribution. An unpaired t test was used to compare the means of continuous variables in the two groups. A χ 2 test was used to compare percentages in the two groups. All variables were presented as an original scale. The data are expressed as the mean values and standard deviations; geometric means and 95 % CI or percentages.
To assess the relationship between the serum carotenoid concentrations at baseline and the development of the MetS, Cox proportional-hazards regression analyses were performed after excluding subjects with a diagnosis of the MetS at baseline. Participants were divided into three categories according to tertiles of serum baseline carotenoid concentrations after being stratified by sex, because serum carotenoid concentrations differ substantially between male and female subjects. Hazard ratios (HR) and 95 % CI were calculated for the categories of serum carotenoid concentrations at the baseline in tertiles for men and women combined, with the lowest tertiles as the reference, by using the Cox proportional-hazards model and adjusting for potential confounding variables. In a similar way, we analysed the relationship between the serum carotenoid concentrations at baseline and the development of a high BMI (BMI ≥25 kg/m 2 ), high blood pressure (≥130/85 mmHg), low HDL-cholesterol (<1·04 mmol/l) or high serum TAG (≥1·70 mmol/l), and/or high plasma glucose (≥6·11 mmol/l) after excluding subjects with a diagnosis of high BMI (BMI ≥25 kg/m 2 ), hypertension (≥130/85 mmHg), dyslipidaemia (low HDL-cholesterol (<1·04 mmol/l) or high serum TAG (≥1·70 mmol/l)) and/or hyperglycaemia (FPG ≥6·11 mmol/l) at baseline, respectively. We also assessed linear associations by using the mean values of serum carotenoid concentrations at the baseline for each tertile. We did not adjust each carotenoid concentration in the multivariate models because Pearson's correlation analyses of serum carotenoid concentrations revealed significant positive correlations among all combinations of the six carotenoids. Pearson's correlation coefficients ranged from 0·252 for lutein and lycopene (P < 0·001) to 0·789 for lutein and zeaxanthin (P < 0·001). All statistical analyses were performed using a statistical software package for Windows (SPSS version 12.0J, SPSS Inc.) on personal computers.
Results
Baseline characteristics and metabolic syndrome status in study subjects Table 1 shows the characteristics of study subjects at the baseline survey stratified by sex. The prevalence rates of the MetS at baseline in male and female subjects were 11·9 and 3·9 %, respectively. In a similar way, the prevalence rates of high BMI, high blood pressure, high plasma glucose and low HDL-cholesterol or high serum TAG in male subjects were significantly higher than those in female subjects. On the other hand, serum carotenoid concentrations, except for zeaxanthin, were significantly higher in female subjects than in male subjects. In our follow-up survey, the prevalence rate of the MetS at the baseline survey was not different between the fallout and follow-up subjects (data not shown). Significantly different from male subjects group: * P < 0·05, ** P < 0·01 (unpaired t test). Significantly different from male subjects group: † P < 0·05, † † P < 0·01 (χ 2 test). ‡ These variables were represented as original scale after analysis by log (natural)-transformed values. § ≥1 Times/week.
Risk of metabolic syndrome according to tertiles of baseline serum carotenoid concentrations
The HR of the MetS associated with the tertiles of six serum carotenoid concentrations at the baseline survey, after adjusting for confounding factors, are shown in Table 2 . After adjusting for age, sex, current tobacco use, regular alcohol intake, exercise habits and total energy intake, a significantly lower HR for the MetS was observed in the highest group (T3) of serum β-carotene. On the other hand, serum lycopene, α-carotene, β-cryptoxanthin, lutein and zeaxanthin were not associated with the risk of developing the MetS.
Risk of metabolic syndrome components according to tertiles of baseline serum carotenoid concentrations Next, we examined the association of the risk for developing MetS components with serum carotenoid concentrations at the baseline. The HR of elevated BMI associated with the tertiles of the concentrations of the six serum carotenoids after adjusting for confounding factors are shown in online Supplementary  Table S1 . Lower HR were observed in the second and highest tertiles of serum lycopene, but this inverse association was not significant. On the other hand, significantly lower risks for dyslipidaemia were observed in the highest tertiles of serum α-and β-carotene and β-cryptoxanthin (Table 3) . Other significant associations between the risks for developing elevated blood pressure and high plasma glucose with the basal serum carotenoids were not observed (online Supplementary  Tables S2 and S3 ).
Discussion
The objective of this study was to investigate longitudinally whether the risk for the MetS and its components is associated with serum carotenoid concentrations in middle-aged and older Japanese subjects. The results indicated that higher serum β-carotene at the baseline was significantly associated with a lower risk of developing the MetS. Furthermore, higher serum α-and β-carotene and β-cryptoxanthin levels were associated with a lower risk of developing dyslipidaemia. This is the first cohort study to examine the association of serum carotenoid concentrations with the risk of developing the MetS and its components in Japanese subjects. Numerous antioxidant vitamins and carotenoids are contained in fruits and vegetables, and several recent epidemiological studies have shown inverse associations between antioxidant vitamin and carotenoid intake or serum levels with the MetS and its components (16) (17) (18) (19) (20) (21) (22) (23) . Our results further support the hypothesis that eating a diet rich in carotenoids, especially α-and β-carotene and β-cryptoxanthin, might help prevent the development of the MetS and its complications in Japanese subjects.
MetS status has an important role in the development of type-2 diabetes, stroke and CVD (1, 2) . Oxidative stress, which has been involved in the pathogenesis of CVD and diabetes, may cause insulin resistance (28) (29) (30) (31) . It is well known that oxidative stress enhances stress-sensitive signalling pathways, such as NFκB, c-Jun NH 2 -terminal kinase/stress-activated protein kinase, p38 mitogen-activated protein kinase and hexosamine (32) . These signalling pathways are involved in causing insulin resistance. On the other hand, increased oxidative stress in accumulated fat may also cause obesity-associated metabolic disorders (33) . Therefore, insulin resistance and abdominal adiposity are commonly accepted to precede the other MetS risk factors via their influence on glucose and lipid metabolism and stimulation of various cytokines. Furthermore, it has been reported that oxidative stress reduces glucose uptake in muscle and fat (34, 35) and decreases insulin secretion from pancreatic β-cells (36) . Oxidative stress may also underlie the pathophysiology of hypertension (37) and atherosclerosis (38) by directly affecting vascular wall cells. In contrast, several studies indicate that low serum levels of carotenoids have been associated with increases in oxidative stress, diabetes, hypertension and CVD (39) (40) (41) (42) (43) (44) (45) (46) . On the basis of this knowledge concerning the associations of oxidative stress and metabolic disorders, eating a diet rich in antioxidants might be readily accepted as a recommended strategy. In our study, significant inverse associations between basal serum carotenoid concentrations and the risks for developing MetS components were observed only for dyslipidaemia. There were no significant associations between basal serum carotenoid concentrations and the risk of other MetS components such as elevated BMI, hypertension and hyperglycaemia. However, our findings might be partly consistent with previous reports; for example, on the basis of SU.VI.MAX data, Czernichow et al. (47, 48) reported that antioxidant supplementation had no effect on FPG or hypertension in this study population. Furthermore, Sluijs et al. (19) found that dietary carotenoid intake was inversely associated with the prevalence of the MetS, waist circumferences, visceral and subcutaneous fat mass, and dyslipidaemia, but they found no associations with other MetS risk factors such as FPG or hypertension. In our previous crosssectional study, serum α-and β-carotene levels were significantly inversely associated with all MetS components, but a significant association between serum β-cryptoxanthin and MetS components was observed only for HDL-cholesterol (17) .
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found that β-cryptoxanthin intakes were significantly associated with a reduced risk of type-2 diabetes. Although there are some differences in the study design and study populations, we conclude that eating a diet rich in carotenoids, especially α-and β-carotene and β-cryptoxanthin, might help prevent the MetS and its components, especially abnormal lipid and/or glucose metabolism in middle-aged and older Japanese subjects. On the other hand, it has been reported that cigarette smoking reduces serum carotenoid concentrations (52) (53) (54) . Interestingly, Hozawa et al. (55) have found that higher serum carotenoid concentrations were associated with lower risk of diabetes and insulin resistance in non-smokers but not in smokers. From these results, oxidative stress induced by cigarette smoking may interact with the associations of serum carotenoids and the risks for developing the MetS and its components. Therefore, we also examined these associations stratified by smoking status. A significance inverse association of basal serum β-carotene and the risk for developing the MetS was also observed among non-smokers with the same level of significance as that of total subjects including both non-smokers and current smokers (data not shown). Interestingly, we found that, for β-cryptoxanthin, a borderline reduced risk was observed among non-smokers, with an HR (T3) of 0·50 (95 % CI 0·24, 1·04) and P linear trend of 0·07. On the other hand, in the current smokers, as coefficients did not converge, no further models could be fitted, because sample size of current smokers was too small for further data analyses. In contrast, we could not find any major differences in the associations between serum α-and β-carotene and β-cryptoxanthin concentrations and the risk for developing dyslipidaemia between subjects who were non-smokers and the total subjects (data not shown). From our results and previous findings, we concluded that carotenoids might help prevent the development of the MetS in non-smokers rather than in current smokers.
Our cohort study was conducted in the town of Mikkabi, Shizuoka Prefecture, Japan. Mikkabi is located in western Shizuoka, and approximately 40 % of its residents work in agriculture. Fruit trees are the key industry in Mikkabi, which is an important producer of Japanese mandarin oranges in Japan. The subjects in this survey were residents of an area in which the Japanese mandarin orange is considerably more popular than in the rest of Japan. β-Cryptoxanthin is a carotenoid pigment that is particularly abundant in the Japanese mandarin orange (56, 57) . Previously, we found that serum β-cryptoxanthin level increases sharply according to increased intake of Japanese mandarin oranges (58) . The average amount of fruit intake in the group with the highest serum β-cryptoxanthin was about 246 g/d, and it was approximately equal to three or four pieces of Japanese mandarin orange. Therefore, the serum concentrations of β-cryptoxanthin in our study population were widely distributed.
This study had some limitations. First, we could not evaluate the association of blood levels of other antioxidants such as vitamins C and E with the MetS. It would be necessary to measure the blood levels of vitamins C and E in order to examine the association of these antioxidant vitamin concentrations with the MetS and its complications. Second, we evaluated the MetS using BMI rather than waist circumference as a measure of obesity. Therefore, an analysis of the association of serum carotenoids with metabolic abnormalities of central obesity will be required. Last, in our study, the sample size was not particularly large, and thus it had less statistical power. Further studies on a larger scale will be required.
In conclusion, this longitudinal cohort study among middleaged and older Japanese subjects showed that the risk of developing the MetS was inversely associated with the baseline serum β-carotene concentration. Furthermore, the risk of developing abnormal lipid metabolism was inversely associated with serum α-and β-carotene and β-cryptoxanthin concentrations. Our findings further support the hypothesis that eating a diet rich in antioxidant carotenoids, especially α-and β-carotene and β-cryptoxanthin, might help prevent the development of these chronic diseases. However, further evidence from epidemiological research is needed before a definitive conclusion on this issue can be drawn.
